ABSTRACT: Structural characteristics such as natural frequencies and buckling loads with corresponding mode shapes were investigated during progressive fracture of multilayer, angle-plied polymer matrix composites. A computer program was used to generate the numerical results for overall mechanical response of damaged composites. Variations in structural characteristics as a function of the previously applied loading were studied. Results indicate that free-vibration and buckling stability properties were preserved throughout a significant proportion of the ultimate fracture load. For the cases studied, changes in structural behavior begin to occur after 70 percent of the ultimate fracture load had been applied. However, the individual nature of the structural change was rather varied depending on the laminate configuration, fiber orientation, and the boundary conditions.
INTRODUCTION

HE
OVERALL DYNAMIC behavior and stability of partially damaged composite structures is of interest from two perspectives. (1) The need to predict whether a structure or component will remain safe and perform the required function when local damage or fracture occurs at various locations and (2) the need to use dynamic test response measurements with a structural identification procedure to assess the total damage sustained because of previous loading or environmental effects. The free-vibration response of damaged angle-plied fiber composites has been studied in the past, both experimentally and by computational simulation [1, 2] . Although these past studies of structural response for damaged composites have shown remarkable agreement between experimental and computational predictions, proper assembly of the computational model for the simulation of load-induced damage has required considerable judgment and intuition. In a parallel course of investigation, a computational and experimental program was launched at NASA Lewis Research Center to study the progressive fracture of fiber composite laminates with regard to their performance in aerospace propulsion structures [3, 4] . The computational procedure to simulate progressive fracture has resulted in the computer code CODSTRAN (Composite Durability Structural Analyzer). CODSTRAN has been validated by an experimental program for fiber composites subjected to progressive fracture under axial loading [4] .
The purpose of this paper is to unify the computational tools that have been developed at NASA Lewis for the prediction of progressive damage and fracture with efforts for the prediction of overall response of damaged composite structures. In the present approach, the computational finite element model for the damaged structure is constructed by the computer program as a byproduct of the analysis of progressive damage and fracture. Thus, a single computational investigation is able to predict progressive fracture and the resulting variation in structural properties of angle-plied composites. The combined numerical procedure is amenable to development as a computational evaluation method for the structural integrity of multi-ply composites.
METHOD OF COMPUTATION
For this analysis, the ICAN (Integrated Composite Analyzer) and MHOST programs [5, 7] Figure 2 shows, for support condition 1, the decline in the first three natural frequencies and in the fundamental buckling load as a function of the load endured by the plate. On the ordinate in Figure 2 , F,/F,o denotes the ith natural frequency normalized with respect to its undamaged value. Similarly, Bi/Bio denotes the normalized value of the first buckling load. There is no perceivable degradation in the plotted structural properties for up to about 70 percent of the ultimate fracture loading. This is consistent with the absence of any internal damage in the composite plate up to the same load level. After damage, both the natural frequency and the buckling load are reduced significantly (Figure 2 Figure 6 shows the degradation of buckling load and natural frequencies for the same plate, but now simply supported on all four edges (support condition 2). The normalized plots for overall mechanical properties depicted in Figure 6 are similar to those corresponding to support condition 1 (depicted in Figure 2 ). One significant difference is that the buckling load increases above the original undamaged value just before ultimate failure. This effect is caused by the fragmentation of the plate structural behavior under the combined influences of the buckling load and the boundary conditions. Because of local degradation, a partial flexural hinge forms at the center of the plate along the existing notch, effectively separating the plate into two halves from an elastic stability viewpoint. When the two halves of the plate behave independently, the buckling load is increased. Also, after a certain amount of loading, the second and the third vibration frequencies switch their mode shapes. These effects are to be examined further in later paragraphs with the help of the corresponding mode shape fringes. Figure 7 shows the mode shapes for the first three free-vibration modes and the first buckling mode before loading. Because of the additional restraints at the boundaries for support condition 2, the mode shapes are more significantly af- Figure 8 shows the same mode shapes for support condition 2, for 91 percent of the ultimate fracture load. At 91 percent of loading, the central notch extends in the transverse direction when the elements adjacent to the notch fail. There is some decoupling of the two sides of the plate separated by the notch as indicated by the reduction of modal symmetry across the center of the plate. This reduction in symmetry may be observed in vibration modes 1 and 3 and in the buckling mode. The overall mode shape configurations for the second and third freevibration frequencies remain as they were prior to loading. There is some reduction in all three natural frequencies and the buckling load. However, because of the extension of the central notch, the third natural frequency is reduced more significantly than the second natural frequency: the vibration frequency of mode 3 is now only 18 percent higher than the vibration frequency of mode 2. Figure 9 shows the mode shapes for support condition 2, for 94 percent of the Figure 10(b) indicates that at this highly damaged stage the first buckling mode computed by the analysis module no longer represents a structural response characteristic. This buckling mode has no significance other than to indicate that the structure has completely lost its integrity.
To investigate the effects of geometry on structural degradation, computational investigations with both support conditions were repeated with a longer plate. The length of the composite plate was increased from 102 to 152 mm (from 4 to 6 in) while all other properties were kept the same. The finite element model for this longer geometry is shown in Figure 11 . The number of finite elements were increased to keep the element sizes similar to that of the shorter model. Normalized degradation curves for support condition 1 are plotted in Figure 12 . The degradation curves depicted in Figure 12 show characteristics similar to Figure   2 , which was for the shorter model with the same boundary conditions and identical composite laminate configuration. As it was for the shorter plate, there is no structural degradation up to the application of approximately 70 percent of the ultimate fracture load. After the initiation of structural damage, the general character of the degradation curves are similar; however, there are some differences because of the change in geometry. The second and third natural frequencies degrade identically in this case, and the buckling instability is reached before complete structural fracture. The early instability may be expected from a longer specimen. However, to explain the identical degradation of the second and third natural frequencies, we will have to examine the corresponding mode shapes. Figure 13 shows the mode shapes for the first three free-vibration modes and the first buckling mode before loading under support condition 1. The second and damaged composites remain elusive: there is no simple generalization or rule relating the degraded structural characteristics of damaged angle-plied composite structures to the actual amount of damage present in the composite material. Accordingly, the necessity of reliable computational composite mechanics to predict the significant structural behavior patterns for each material, laminate, fiber orientation, geometry, boundary condition, and loading of a composite structure is reacknowledged.
